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We study dephasing in electron transport throngh a large qnantum dot (a Fabry-Perot interfer¬ 
ometer) in the fractional quantum Hall regime with filling factor 2/3. In the regime of sequential 
tunneling, dephasing occurs due to electron fractionalization into counterpropagating charge and 
neutral edge modes on the dot. In particular, when the charge mode moves much faster than the 
neutral mode, and at temperatures higher than the level spacing of the dot, electron fractionalization 
combined with the fractional statistics of the charge mode leads to the dephasing selectively sup¬ 
pressing hje Aharonov-Bohm oscillations but not hfifle') oscillations, resulting in oscillation-period 
halving. 

PACS numbers: 71.10.Pm, 73.23.-b, 73.43.Cd, 03.65.Yz 


I. INTRODUCTION 


A fractional quantum Hall (QH) system of filling frac¬ 
tion V has edge channels that support fractional charges 
obeying fractional braiding statisticJ^^. KX v = 2/3, the 
edge states are decomposed into a = 2/3 charge 

mode and a counterpropagating neutral mode^EI. They 
originate from renormalization of two counterpropagat¬ 
ing charge mode^^, = 1 and = —1/3, and 

stabilize at low temperature under strong disorder. Neu¬ 
tral modes have attracted much attention, as they are 
charge neutral and carry energy. They have been re¬ 
cently detected through shot noise measurement^, and 
their properties such as energy and decay length have 
been extensively studiecP^. 

Electron interaction is a dominant source of dephas¬ 
ing at low t emperatur It leads to electron fractional- 
izatior|221221 quantum wires; an electron, injected into 
a wire, splits into constituents (spin-charge separation, 
charge fractionalization), showing reduction of interfer¬ 
ence visibility or dephasinj^. Interestingly, when the 
wire is finite, the constituents recombine after bouncing 
at wire ends, resulting in coherence revivaP^. Fraction¬ 
alization was detectecpSl in a non-chiral wire, and studied 
in the integer QH edg^^ZHUl 

Coherent transport, as well as dephasing, can be tack¬ 
led through the study of low energy dynamics at the edge. 
This is particularly important in the context of the frac¬ 
tional QH regime. The present study implies that the 
presence of neutral modes could be a dominant source of 
dephasing. Note that neutral modes have been observed 
in almost all fractional QH systemJi^. At the same time 
there is no uncontested observation of anyonic interfer¬ 
ence oscillations in the pure Aharonov-Bohm regime of a 
fractional QH interferometer!^. 

The present study of the rz = 2/3 QH regime empha¬ 
sizes two dephasing mechanisms by fractionalization of 
an electron into charge and neutral components, plas- 
monic dephasing and topological dephasing. Concerning 
the plasmonic dephasing mechanism, the overlap between 


the plasmonic parts of the charge and neutral compo¬ 
nents decreases with time, as the two components prop¬ 
agate with different velocities in the opposite directions. 
The resulting dephasing is similar to the plasmonic de¬ 
phasing that takes place in a quantum wire or in integer 
QH edges. On the other hand, the topological dephas¬ 
ing is a new mechanism unnoticed so far. It occurs be¬ 
cause the zero-mode parts of the components, satisfying 
fractional statistics, may braid with thermally excited 
anyons. Thermal average of the resulting braiding phase 
leads to dephasing that occurs only in the interfering pro¬ 
cesses characterized by particular values of topological 
winding numbers. 

Our analysis addresses the AB oscillation of differential 
conductance Q through a quantum dot (QD) in the v = 
2/3 QH regime. We focus on linear response of electron 
sequential tunneling into the QD. Q is decomposed into 
the harmonics of the AB flux d) in the QD, 

G=^ Gsp cos{2tt 6p^), (1) 

i5p=0,l,2,... ° 



FIG. 1. (Color online) A large quantum dot (Fabry-Perot 
interferometer) in the fractional QH regime of zz = 2/3, cou¬ 
pled to lead edge states of i/ = 2/3 (black solid lines) through 
quantum point contacts (QPCs) at xc.n- Electron (rather 
than fractional quasiparticle) tunneling occurs through the 
QPCs (dotted lines). Following the tunneling, each electron 
(and the hole left behind in the lead edge) fractionalizes into 
a charge component propagating at velocity Vc (solid blue ar¬ 
row) and a neutral component counterpropagating at velocity 
Vn (dashed red). The magnetic flux in the dot area is "I?. 
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where $0 = fi'C/|e| is a flux quantum; see Fig. Semi- 
classically, 5p represents the relative winding number of 
a fractionalized charge component, around the circum¬ 
ference L of the QD, between two interfering paths: an 
electron, after tunneling into the QD, fractionalizes into 
charge and neutral components; see Fig. [l] The charge 
(neutral) component has propagation velocity Uc(„), spa¬ 
tial width TT,c(n) = ^'*^c(n)/(27rfcBrdc(n)) at temperature 
T, level spacing ifc(n) = 27r/i?;c(„)/T, and scaling dimen¬ 
sion 5c = 3/4 {5n = 1/4) in the electron tunneling op¬ 
erator at low temperatures. Qsp is determined by the 
overlaps of the components of the same kind between 
two interfering paths of relative charge winding 5p. 

We find two mechanisms suppressing Gsp^o^ the plas- 
monic dephasing and the topological dephasing; the for¬ 
mer (latter) involves plasmon (zero-mode) parts of the 
components. In the plasmonic dephasing, Qsp is con¬ 
tributed from the two interfering paths whose charge 
components overlap maximally between the paths. But, 
their neutral components overlap only partially between 
the interfering paths, reducing Gsv', s imilar dephasing 
occurs in other fractionalizationj2lIIIl The topologi¬ 
cal dephasing additionally occurs, but depending on 5p, 
in contr ast to the other known mechanisms. When 
Vc ^J 34 | 35 | |-]^g harmonics Gsp=i is suppressed 
at UbT > En/{5'K‘^5n) (namely, L > Lt^u)- It is be¬ 
cause the charge component gains thermally fluctuating 
fractional braiding phase of ttNc (leading to = ±1), 
while it winds once {5p = 1) around A/, electronic or any- 
onic thermal excitations on the QD edge or in the bulk. 
By contrast, the second harmonics Gsp =2 is not affected 
by the topological dephasing (as braiding phase nNcSp 
and (±1)^P = 1 are trivial) and dominates G, resulting 
in h/{2e) AB oscillations. These above findings occur in 
both the regimes of strong disorder and weak disorder in 
the edge of the QD. Note that the topological deph asing 
does not occur in the Coulomb dominated regime^SESI 
where Coulomb interactions between the bulk and edge 
of the QD is strong, as discussed later. 


II. SETUP AND HAMILTONIAN 


The 12 = 2 j3 QD is coupled to two lead edges via quan¬ 
tum point contacts (QPCs n see Fig. The Hamilto¬ 
nian is H — Hu+Hc + H-ji+Ht. Hu describes the edge 
of the QD, while Hc(n) the v = 2/3 left (right) lead edge. 
Each edge consists of the bosonic mode c/i = 1) 

and the counterpropagating (j )2 (^^ 2 '^®* = ~l/3). /'i=i ,2 
supports charge er'®'^®® and satisfies [(j)i{x),(j)i'{x')] = 
i7rr'®‘^®®sgn(a:: — x')5ii' at positions x,x'. Introducing the 
charge mode c/c = v^3/2((/i -|- (/) 2 ) (supporting charge 
2e/3) and the neutral mode (/„ = (c/i -I- 3(/2)/'\/2, one 


write^^ 


Hu = 


n 

47r 


dx\yc(^dx(5c) “t” '^n{S^x4^n) “t” ‘^5)x(l^c5^x^n\ 


dx[^{x) exp{iV2(l)n) -l-H.c.]. 


( 2 ) 


Disorder-induced tunneling amplitude ^{x) between (/i 
and ((>2 is modeled by a Gaussian random variable with 
mean zero and variance C*(2^)C(3^) = W5{x — x'). For a 
finite range of bare parameters, <j)c and decoupl^ at 
low temperatures, rendering v irrelevant. Hc ji is written 
similarly to Hu , except jJ" —)• in Eq. ([^ . Note that 

we ignore the Coulomb interaction between the bulk and 
edge of the QD, considering that the QD size is large 
enougfP^. 

The QPCs are almost closed, so electron tunneling 
is facilitated. Renormalization group analysifl^ indi¬ 
cates four equally most relevant electron tunneling op¬ 
erators between the electron field operators, ^'^(xq) = 

at Xa=£,Ti on the QD, 
and 'I'q_±( 0) on lead edge a; a is an ultra-violet cutoff and 
'kc(.± has the same form as So the tunneling Hamil¬ 
tonian is Ht = Ea=£.KE*y=±[taij^l,i(0)4'j(a:„) -k 
H.C.], where taij is the tunneling strength. 


III. TOPOLOGICAL DEPHASING 

We show that at z/ = 2/3, fractionalization and frac¬ 
tional statistics cause the topological dephasing. We ad¬ 
dress the number operator Nc(n) of charge (neutral) mode 
at the QD edge, 

^Nc = N,-^N2, N^ = N2-Nu (3) 

defined through the zero-mode parts of (/i _2 (see Ap- 
pendixj^. The number operator fV]^( 2 ) of (/>i( 2 ) is an inte¬ 
ger since e and —e/3 are the elementary charges of 
Nc is an integer measuring charge excitations in the units 
of e/3 {Nc = 1 for a quasiparticle of charge e/3; Nc = 3 
for an electron). 

A quasiparticle of charge e/3 at position x on the 
QD edge is written as Consider 

clockwise exchange of two such quasiparticles. Since 
[4ic{x),4>c{x')\ = i7rsgn(a: — x'), the exchange of the two 
charge components results in statistical phase 7r/6, 

So, after the charge component of the electron operator 
'kj- winds once clockwise around A/, charge-mode exci¬ 
tations on the edge, a phase 3xA/x2x7r/6 = ttNc 
is gainecP^. Here, 3 means the number of charge com¬ 
ponents forming ^^±( 3 ::), and 2 refers to braiding (dou¬ 
ble exchanges). Similarly, the exchange of the neutral 
components of the two quasiparticles leads to exchange 
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phase — 7 r/ 2 . So the neutral component of 5'±(cc) gains 
±1X Nn X 2 X (—7r/2) = =F7rA^„, after winding once around 
Nn neutral-mode excitations; the number of the neutral 
components of is ± 1 . 

This has implications on the dynamics of an electron 
which enters into the QD and then fractionalizes. When 
Vc ^ Vn, there is a process where the charge component 
of the electron winds once around the QD, while the neu¬ 
tral component moves very little. In terms of the winding 
numbers of the charge and neutral components, p and 
q, this process is denoted by {p,q) = (1,0). This pro¬ 
cess interferes with that of no winding {p',q') = ( 0 ,(T, 
contributing to the h/e harmonics Gsp=i', see Fig. 
The relative winding numbers between the two interfer¬ 
ing paths are {Sp = p — p' = l,6q = q — q' = 0), and 
the net braiding phase gained from that winding around 
Nc charge and Nn neutral excitations on the edge is 
Tr{NcSp =F NnSq) = ttNc- Since Nc is an integer, ther¬ 
mal fluctuations of quasiparticle (or electron) excitations 
on the edge give rise to fluctuations of the braiding phase 
factor = ±1 [- 1 - (—) for even (odd) fVc], suppressing 

the h/e harmonics. This topological braiding-induced de¬ 
phasing also occurs due to thermal quasiparticle or elec¬ 
tron fluctuations in the bulk; see Appendix [F| for quasi¬ 
particle fluctuations in the bulk. Note that this topo¬ 
logical dephasing is utterly different from a dephasing 
mechanism at zero temperature, arising when quasipar¬ 
ticles travelling along an edge change internal degrees of 
freedom within the bulk (e.g., Ref.l^. 

By contrast, the main contribution to the h/{2e) har¬ 
monics Gsp =2 comes from {Sp,Sq) = (2,0). In this case, 
the braiding phase factor regardless 

of Nc being even or odd. Hence, Gsp=2 is immune to the 
topological dephasing. In general, such dephasing occurs 
only with odd 6p + Sq, since the fluctuating Nc ± Nn is 
always even; see Eq. 

When Vc — Vn, the topological dephasing does not oc¬ 
cur, since 6p = —Sq and Nc ± Nn is even. 

The above arguments hold for the pure AB regime 
(or for the intermediate regime between pure AB and 
Coulomb-dominated regimes). An apt question is to 
what extent this analysis holds for the Coulomb domi¬ 
nated regime. When an electron of a given energy enters 
the QD by the process of sequential tunneling, it occupies 
a certain orbital state of the QD edge, satisfying energy 
conservation. In the pure AB regime, the area enclosed 
by the orbit (hence, the AB phase assigned to the or¬ 
bit) is not modified when the number of quasiparticles 
or electrons in the bulk of the QD fluctuates thermally: 
edge-bulk interactions are negligible. Hence, such ther¬ 
mal fluctuations affect only the braiding phase gained 
by the electron, leading to topological dephasing. By 
contrast, in the Coulomb-dominated regime, the fluctua¬ 
tions are fully screened by the edge, reflecting the effect 
of edge-bulk interaction. This screening leads to mod¬ 
ification of the area of the orbit, hence it modifies the 
AB phase of the orbit. This change of the AB phase ex¬ 
actly cancels out the change of the braiding phase caused 



FIG. 2. (Color online) Dynamical processes involving differ¬ 
ent winding numbers of the charge (p) and neutral (q) compo¬ 
nents. (a) (p, q) — ( 0 , 0 ): an electron injected at xc fractional¬ 
izes into charge (moving along blue solid arrows) and neutral 
(red dashed) components, (b) (p, g) = (1,0). For Vc > 
the charge (neutral) component arrives at xc, after winding 
once around the QD, p = 1 (almost once, q = —1). The 
interference of relative winding numbers {Sp,Sq) = (1,-1) 
between (a) and (b) contributes to Gsp^i. Reduced overlap 
between the neutral components of (a) and (b) leads to plas- 
monic dephasing. For Vc ^ Vn, the dynamics is depicted for 
(c) (p, g) = (1,0) and (d) (p, g) = (2,0). The charge com¬ 
ponent winds once in (c) and twice in (d), while the neutral 
component moves little by AL in (c) and 2AL in (d) (hence 
mainly g = 0). The interference between (a) and (c) suffers 
from topological dephasing with odd Sp+5q. The interference 
between (a) and (d) is immune to topological dephasing. 


by the thermal fluctuations. It follows that topological 
dephasing disappears in the Coulomb-dominated regime. 


IV. SEQUENTIAL TUNNELING 


We compute G in Eq. 0 to the order of sequential 
tunneling. 


G 



dtF{t)lmG j{Xa, Xa\ t), 


(5) 


where 7 = 'ycln/ilc+ln), la oc is the (renormal¬ 

ized) electron tunneling rate between the QD and lead 
edge a = L,n, Gj{Xa,Xa\t) = ([^'](a:a,t),T'j(xQ,, 0 )]) 
is the Green function describing the time {t) evolution of 
the fractionalized components of an injected electron de¬ 
scribed by ^j{xa,t = 0), and Cg is a constant. The start 
and end positions of the Green function Gj(xa,Xa', t) co¬ 
incide, since the Green function describes the sequential 
tunneling. The injection leaves a hole behind on the 
lead edge. F{t) = {'KkBTt/h)smh~'^^^‘''^^'^\'KkBTt/h) 
accounts for the fractionalization of the hole. For the 
detailed derivation of Eq. ([^ , see Appendix 

Gsp comes from the interference between two pro¬ 
cesses of relative charge winding number Sp. At fcfiT > 
Ec/ (27r^), the charge component has spatial width Lt,c < 
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L. Then, Gj{Xa,Xa',t) contributes to Qsp mainly around 
the times SpL/vc-, at which the charge component arrives 
at the initial injection point x^ after winding Sp times 
around L; the neutral component winding times 6qL/vn 
are much less important, because of the scaling dimen¬ 
sions 6c = 3(5„ > Sn- We focus on Gsp=i and Gsp= 2 , as 
they involve the shorter times of SpL/vc, are more robust 
against the dephasing discussed below, hence are much 
larger than Gsp >3 at ksT 3> Ec- At ksT Ec, we 
compute Qsp=i and Gsp =2 analytically in the absence of 
disorder and interaction {W = 0, ?; = 0), and also in the 
str ong d isorder regime, based on a finite-size bosoniza- 
tiorPSESHBl g semiclassical approximation (see Ap¬ 
pendix]^. 


V. CLEAN REGIME 


We first deal with the regime of W = 0 and u = 0 [see 
Eq. (|2j)] and then discuss the regime of weak disorder 
and weak intermode interaction. We treat various con¬ 
tributions to dephasing quantitatively for the two cases 
of Vc ^ Vn and Vc >> Vn- 

When Vc ^ Vn and ^ Ec, only the plasmonic 

dephasing is important. The dominant contribution to 
G comes from the hje harmonics. With the additional 
condition of ksT ^ hvn/{L — AL), we obtain 


Gsp=i oc ^L{kBT)^ exp {--— 

^T,c 


AL 

LT,n 


L- AL 
LT,n 


),( 6 ) 


where AL = Lvn/vc- We explain two processes, whose 
interference dominates Gsp=i- In one process [Fig. j^a)], 
an electron tunnels from lead edge C into the QD and 
fractionalizes at Xc at time t[ = 0, while at ^2 = ~L/vc 
in the other [Fig. [^b)]. The charge components of the 
two processes interfere at Xc t = 0, contributing to 
G 5 p=i, after respective windings p = 0 and 1. At that 
time, the distance between the neutral components is 
L—AL, leading to partial overlap, hence, to the third fac¬ 
tor exp(—(L — AL)/Lr.n) of Gsp=i- The tunneling leaves 
a hole behind on C, which also fractionalizes into charge 
and neutral components (not shown in Fig. [^. The par¬ 
tial overlap at t = 0 between the two charge components 
from the holes created at and and that between the 
two neutral components, lead to the first two exponential 
factors of Gsp=i in Eq. §, respectively. 

In the other limit of Vc S> Vn, both plasmonic and 
topological dephasings are crucial. There are two inter¬ 
fering processes for Gs^i shown in Figs. [|;a) and[^c), 
and for Gsp =2 in Figs, ^a) and[^d). When ksT Ec, 
we obtain 


Gsp^i oc ^L{kBTf exp (- 


AL AL (AL)2 


X exp[ 


Lt,c Lt^tl Lt^ti LLt, 

[L-ALf 


LLn 


(7) 


AL AL 


Gsp =2 oc ^L{kBTY exp[-2(--h - -h - -)]. (8) 

J-'T,c J-'T,n 


The first three exponential factors of Gsp=i and G ^=2 re¬ 
sult from plasmonic dephasing, as those of Eq. (j^ . The 
third factor has a form different from that of Eq. (|^ of 
Vc Y 'Bn, as the interfering neutral components in the QD 
are now AL apart in space. The factor 2 in the arguments 
of Gsp =2 arises from the double winding. Another expo¬ 
nential factor exp[(AL)^/(LLr_„)] of Gsp=i comes from 
the plasmonic part of the neutral component; it is can¬ 
celled out with zero-mode contributions in Eqs. (j^ and 
Q and also in other caseJ^. 

The last suppression factor in Eq. Q, exp[—(L — 
AL)^/(LL 7 ’_„)], represents the topological dephasing, 
arising from the zero-mode parts of Gj(Xa,Xa',t). The 
process in Fig. [^c) (where the center of the neutral 
component hardly moves, while the charge component 
winds once around L) interferes with that of Fig. [^a), 
contributing to {dp,Sq) = (1,0). As discussed around 
Eq. (|4j), this interference with = 1 is suppressed 

by the thermally fluctuating braiding phase factor of 
^i-n:{SpNa+5qNr,) _ suppression factor is inter¬ 

estingly determined by the spatial tail (or finite Lx^n) of 
the zero-mode part of the neutral component. The tail 
indicates that the neutral component can quantum me¬ 
chanically wind once more than the semiclassical number 
q of the center; the quantum mechanical winding is well 
defined by the Poisson formula (see Appendix [Pj). Hence, 
from the processes in Figs, j^a) and [^c), interference 
with the total relative winding number of Sp + {Sq + 1) 
can occur. As Sp + Sq + 1 is even, this interference avoids 
the topological dephasing, dominantly contributing to 
Gsp=i, but it is reduced by the separation L — AL of 
the neutral components of -I- 1 relative windings. This 
explains the factor exp[—(L — AL)^/(LL 7 ’_„)]; the expo¬ 
nent is quadratic in L — AL, since it originates from the 
zero-mode parlP^. 

We point out that the topological dephasing occurs 
when L > Ly.n (fcsL > En/{‘i'7r‘^6n)), as seen in the last 
exponential factor in Eq. Q. In contrast, the plasmonic 
dephasing occurs when /cbT Ec- Note that we choose 
the condition of fcsT ^ Ec for the derivation of Eq. 0. 
to show both of the plasmonic dephasing and the topo¬ 
logical dephasing simultaneously. 

Because of the topological dephasing, Gsp =2 is much 
larger than Gsp=i when Vc ^ u„; exp(—(L — 

ALY/LLt, n) is much smaller than the other factors. As 
a result, G shows hl[2e) AB oscillations. In Fig. we 
numerically compute G for both Vc Y 'Bn and Vc 3> 
without employing the semiclassical approximation. The 
result for Vc 3> Vn demonstrates the topological dephas¬ 
ing and consequent period halving even at kBT < Ec- 

So far, we have discussed the regime of no intermode 
interaction {v = 0) and no disorder {W = 0). The argu¬ 
ment of the regime holds also in the regime of weak inter¬ 
mode interaction and weak disorder, with slight modifi¬ 
cations. In this regime, the plasmonic part of the neutral 
component decays, together with the diffusive spread¬ 
ing of the plasmonic part of the charge component^. 
These slightly modify the plasmonic dephasing (the first 
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FIG. 3. (Color Online) Topological dephasing and period 
halving. Shown are Aharonov-Bohm oscillations of Q for (a) 
Vn = 0.9wc (period i&o) and for (b) = O.lVc (period $o/2) 

at ksT = Ecl20 (blue curve). Q is measured in units of 
e^yaj and L = 200a. 


three dephasing factors in Eqs. , but do not affect 

the topological dephasing. Note that the weak disorder 
regime is realized when the renormalization of W stops by 
temperature T or QD size L before going to the strong 
disorder regime, and a weak intermode interaction oc¬ 
curs in a dot, when the Coulomb interaction between the 
charge modes is larger than the confining potential (see 
Appendix and Refs.li^*^. In recent experiment 
neutral modes are measured with QDs of size 4/im^, im¬ 
plying that the intermode interaction is sufficiently weak 
in the QDs. 


VI. STRONG DISORDER REGIME 


We show that Eqs. §-(§ hold in the strong disorder 
regime of a QD edge without any modification. In this 
regime, the neutral component is totally decoupled with 
the charge component (u = 0 in Eq. 

We start with the diagonalized form of Hu Hu = 
dx[vc{dx(j}c)'^/(Air) +Vn4’Hdj;'iij]- This form is obtained 
from Eq. Q, where the effect of disorders is included. 
Here, = U{x)'ijj{x), 

the unitary matrix U(x) = Ta;exp[—I dx'(^(x')a~^ + 

^*(x')(7~)/vn] represents random disorder scattering. 
Ip = two-component 

fermionic operator, y is an auxiliary bosonic field, and 
= Ua; ± iay, (Jx and Oy are the Pauli matrices. The 
equal-position correlator (['I'^(a;£, t), (a:^, 0)]) is re¬ 

placed by ([l'^(a;/;,t),^±(a;£,0)]) when we choose the 
global gauge transformation making U{xc) = 1- Then, 
it is readily computed because the Hamiltonian is free in 
the basis of and is the same as Gj{xa, Xa\t) in Eq. ([^ 
that is obtained in the absence of interaction {v = 0) be¬ 
tween the charge and neutral components and disorder 
(W = 0). Hence, Eqs. ([^ —(|^ can be also applied to the 
strong disorder regime. 


VII. DISCUSSION AND CONCLUSION 

We have studied electron dephasing at 1 / = 2 j3. Elec¬ 
tron fractionalization into charge and neutral compo¬ 
nents leads to plas monic dephasing. When ^ 
(which is likelj®^ and at ksT > E„/(47r^(5„), a new 
type of dephasing additionally arises. This dephasing is 
topological, resulting from the fractionalization and the 
fractional braiding statistics of the components, and oc¬ 
curs depending on the topological sectors characterized 
by the winding numbers {Sp, Sq) of the components; its 
dependence on the even-odd parity of Sp + Sq is math¬ 
ematical reminiscent of the parity (integer versus half¬ 
integer spin) dependent role of the topological 9 term in 
antiferromagnetic spin chain^^. It leads to period halv¬ 
ing of the AB oscillations. 

We emphasize that the topological dephasing occurs in 
both the regimes of strong and weak disorder, when bulk- 
edge interactions are not strong. In the case of weak dis¬ 
order, which may be realized in high temperatures, weak 
intermode interaction causes the decay of the plasmonic 
part of the neutral component, accompanied by the dif¬ 
fusive treading of the plasmonic part of the charge com- 
ponenpl. These do not affect the topological dephasing, 
hence the emergence of the h/2e oscillations. On the 
other hand, in the case of strong disorder at low temper¬ 
atures, V renormalizes towards zercP, and then does not 
change the physics of the topological dephasing. Note 
that bulk-edge Coulomb interactions become weaker in 
QDs of larger area; the pure AB regime (or the inter¬ 
mediate regime between the pure AB and the Coulomb- 
dominated regimes) could be achieved when the edge-to- 
bulk capacitance is smaller than other capacitances even 
when strong backscattering occurs at QPCs. 

We also note that the QH edges at z/ = 2/3 may un- 
der go mo re complex edge reconstruction at about T > 50 
At lower temperature our analysis is appli¬ 
cable, while at higher temperature different topological 
dephasing may occur. Assuming ~ 5 x 10^ m/s, 
Vc ^ 5 X 10^ m/s, and L = 10/rm, we expect that 
the hj{2e) oscillation will appear at temperature ksT > 
hvn/{2Tr6nL) ~ 20 mK. In this case, the oscillation will 
be suppressed at ksT > hvc/i^nScL) ~ 60 mK, due to 
the plasmonic dephasing. 

Detection of the period halving supports the topologi¬ 
cal dephasing, thus, the fractional statistics of the charge 
component at zz = 2/3. The plasmonic dephasing and the 
topological dephasing will occur, with modifications, in 
other anyon interferometers or at other z/’s. 

It should be mentioned that the known mechanisms 
yielding h/{2e) oscillations in other mesoscopic systems 
do not ap ply to our setup. The Altshuler-Aronov-Spivak 
mechanisnjSl^ employs disorder averaging in multi¬ 
channel geometries, which is not pres ent in our setup. 
Another mechanism for /z/2e oscillation d^° * ^^ l relies on in¬ 
teger QH edge modes in an antidot at temperatures much 
below the charging energy of the antidot. Moreover, our 
setup does not have superconducting fluctuations that 

















6 


support such periodicity. 
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Appendix A: Quantum-Dot Hamiltonian 


We derive the Hamiltonian Hd (cf. Eq. ([^ in the main 
text). Hd is written in terms of the mode (pi of hlling 
factor z/i = 1 and the counterpropagating mode p 2 of 
;/2 = —1/3, as 


^ y dx[vi{d^(pi)'^ + 3v2{d^p2f + 2vi2d^(pida:p2] 

+ ( da:[^(a;) exp(j(/i-I-3i(/2) + H.c.]. (Al) 

Jo 

^ 1 ( 2 ) is the velocity of <pi{ 2 ) (renormalized by the intra¬ 
mode interactions) and Vi 2 describes the inter-mode in¬ 
teraction. pi ^2 satisfies [pi{x)^pii{x')] = i7ri/®'^®®sgn(a;— 
x')5ii'. Each field pi{x) is decomposed through (pi{x) = 
+ Piix) into a plasmonic mode (//'(a:), satisfying 
the periodic boundary condition of (/f*(x + L) = p^^{x), 
and a zero mode <Pi{x), 




(A2) 


The number operator Ni counts the excess num¬ 
ber of quasiparticles of charge Its canon¬ 
ical conjugate Xi satisfies and 

giiA; changes W by ±1, acting as a Klein fac¬ 
tor. This ensures [p°{x),p'^,{x')] = 2*(5ii/7ri/®‘^®®(x — 
x')/L. Gombined with the commutation rule of 
the plasmonic part [p^^{x), p^}{x')] = i7rr'®'^®®(sgn(x— 
x') — 2{x — x')/L)6ii', this leads to [pi{x),pi'{x')] = 


i7rr'®‘^®®sgn(x — x')5iii. The term 1/2 in the bracket of 
Eq. (A2) is introduced, to impose the boundary con¬ 
dition of electron operators, exp(i/)i(x-1-T)/r'/'^®®) = 
exp(i(/)i(x)/r'®‘^®®) exp(—27ri$/$o). The magnetic flux 
$ enclosed by the QD edge states causes the shift of 
Ni ^ Ni — <I>/$o in Eq. (A2); as 4) increases (decreases) 
by $ 0 , the edge state with filling factor is energet¬ 
ically stabilized by removing (adding) its own quasipar¬ 
ticle of charge 

Combining (/i’s, one introduces the charge mode <pc = 
i/Zj2{pi -I- P 2 ) and the neutral mode pn = V^l/2((/i -|- 
3(/2), satisfying [pc/n{x),pc/n{x')\ = ±i7rsgn(x - x') and 
[(/c(x), (/„(x')] = 0. Putting this into Eq. (Al), we derives 
Eq. (2). 

Appendix B: Derivation of Nc and Nn 


We derive Eq. (|^ in the absence of disorder {W = 0). 
The charge (neutral) mode is decomposed into the zero¬ 
mode part p'l{x) ((/)°(x)) and the plasmonic part <(>)?*(x) 
(0P^(x)). The latter describes edge plasmonic excitations, 
while the former anyon number excitations. The zero¬ 
mode parts are determined from Eq. (A2) as 


^^ + 1 - 2^ ) - y6A„ 


(Bl) 


We impose [Ac(„),Ac(„)] = i, [Ac(„),A„(c)] = 0, and 
= ±*7rsgn(x - x') T 27ri(x - x')/L. 
These ensure [</°/„(x), (()//„(x')] = ±27ri(x - x')/L 

and [ (/e/n (x), pc ln(x ')\ = ±i7rsgn(x — x'). Comparing 
Eqs. (Bl) with (A2), one gets Eq. 


Appendix C: Derivation of differential conductance 

In this appendix, we derive Q in Eq. ©■ The electron 
current I-jz along the right lead edge is given by I-jz, 




= -^ X! = 0)i'j{xTi,t' = 0)-ll.c.]Ttexp(^ 




dtHT{t) 


(Cl) 


nji counts electron number in the right lead edge, T( 
is the time ordering, the operators with (without) caret 
are in the interaction (Heisenberg) picture, and (•) is the 


r 


thermal average. We set t = 0 at which X-ji is measured. 
To second order in the tunneling strengths, {X-jp) is cal¬ 
culated as 
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*,i=± ‘ 


[iJT w, 0)^, (X7^, 0)) - H.c.)]) 




dtRe 


i,j=± 


exp ( - - (mk - MD 


~ — {Gdj — Gdj)(— t)G'7^ j(t) 


(C2) 

^a(D) ±> ^a(D) ± ^^(D) ± retarded, advanced, and Keldysh Green’s functions of lead edge a = C,TZ (QD), 

(G«± -G^,±)(t) = -*({'5„,±(0,t),'hl,±(0,0)}), Gl^it) = -z(['I'„,±(0,t),^^(0,0)]), 

(Gg,± - G^,±)(t) = -z({'f±(a:„,t),'f^(a:„,0)}), G^^,±(<) = -i([4'±(a:„, t),0)]), (C3) 

and fia (md) is the chemical potential for lead edge a (the QD). /id is assumed to be uniform over the entire region 
of the QD, which is valid in the linear response regime. The expression (I ).') of electron current in the left lead edge 
is similar to that of To second order in the tunneling strengths, the current X through the QD is written as 

i=-(if) = (x4^)). 


/o') 

Applying the current conservation condition of {Xj^ ) + 
{X^r^) = 0, we write the symmetrized form of X as 


X = 


ic + in 

ic +ln 


e 3/4 1/4 icln 
= TTOWy V, ' - 

Ah 


[lc/n= \^'R■/c.^3?ldavd^vd'^)] 

i,3=± 

M 


X Re 


- (Gg,, - G^j)(-t)Gld) 


(C4) 


In the second equality, we used the simplification that 
the left and right lead edges are symmetric (ffc = H-jz), 
namely Gf ± = Gf ±, G^ ± = G4,±, and Gf ± = Gf ±. 
We also used the fact that the Green’s functions are inde¬ 


pendent of the index z = ± of the electron field operators 
in Ht- The differential conductance Q = dX/dV\v^o is 
written as 


G = - 


sh? 


3/4 1/4 Icln 

avi vJ - 


ic. + in 


E 


E 

i,j 0.-11.,C ' 


dtlm. 


t{G^A-t){Gl. - Gidit) - iG?>,3 - Gl,){-t)G^dt)) 


where eK = fxc — hn- The Green’s functions for the lead 
edges are computed as 


(G 


R 

o,i 


Gim = -Re 

’ Tra 


G^dt) = — 

Tra 


f sinh(^) 

Uinh(^(za-z;,t)) 

sinh(i^) X 

sinh(^(ia-z;,t)); 


/ sinh(^^) \ h 

Uinh(^(/a-z;„t))y J’ 

sinh(i^) y- 
sinh(^(ia-u„t))y _■ 


(G5) 



The Green’s functions are independent of the index a = 
£, 7?,, because of the imposed symmetry between the left 
and right lead edps. Since (Gf ^ at 

|t| > a/vm and since the processes of |f| < a/u„ do not 


contribute to the interference in we can ignore G^^{t) 
in the expression of Q. Then, a simplified form of Q is 
obtained as 


g 


icm a^ksT 
4^2 jc + in 



dtF{t)lmGj{Xa,Xa; t) 



dtF {t)lmGj{Xa,Xa',t). 


Here, 7 = iclnKlc + In), Cg = 
the weight factor F{t) = {nkBTt/h)smh~^{TTkBTt/h), 
and Gj{xa,Xa;t) = ( [4'j(xa, t), 0 )]) represents a 

Green’s function of the QD; its starting position Xa is 
the same with the ending one in the sequential tunnel¬ 
ing regime. The weight factor F{t) decays rapidly as 
Q-^^ksTt/h ^ ^ h/kBT, describing the plasmonic de¬ 
phasing (by partial overlap due to different positions of 
the neutral components between the interfering paths) 
occuring at lead edge a. The above is the derivation of 
Eq. § in the main text. 

Below, we further compute g in the case of u = 0. We 
note that in the absence of disorders (W = 0 ) and inter¬ 
action {v = 0) between the two modes, the Hamiltonian 
of the zero-mode parts is obtained 




-kHVc 

“eZ” 






$ 

1 - 2— 

$0 


$ 


Trhv„ 

2L 




Er, 


1 -2—1 + —Ni. 


(G 6 ) 


Here we define energy scales = 27rfi,Uc(„)/T. Then, 

the Green’s function Gj is decomposed into the charge 
and neutral components. Then g is simplified as 

X Im[Gc{t)G„(t)e- 3 ™‘^*/ 2 Lg- 7 r»„t/ 2 Lj^ (,^ 7 ) 

where the plasmonic parts Gc{t) and G„(f) of the charge 
and neutral modes and the zero-mode part G^{t) are 


Ge(t) = 


^exp ( 

iirvct. 

9,(-^,e-^^) y 

L ' 

01 ("("=[-“), e-'Tc)/ ’ 

(e*vTd 

Gt)e-' 


^exp ( 

ilTVnt 

0i(-^,e-'^") y 

L 



G°{t) = (e 


_ / iTrVat{Nc + l — 2^/^o)/L —iTrN„Vnt/L 


). (G 8 ) 


The elliptic-theta function of the first kind is 9i{z,q) = 

00 

2qE^sinz Jl il-2q^^ cos{2z)+q'^^){l-q^^), = 

n—1 


TrhVc(n)/{kBTL'j^. In the derivation of Eq. ( |C7| ), we 
used the relations of Gj=^{Xa,Xa,t) = Gj=-{Xa,Xa,t), 
Gc{n){-t) = and F{t) = -F{-t). The zero¬ 

mode part G°(t) will be calculated in Appendix [pj 


Appendix D: Topological dephasing 


We first sketch the topological dephasing in the case of 
Vc ^ Vn and no disorder, and derive it, by expanding the 
zero-mode contribution to g in harmonics of the wind¬ 
ing numbers. The discussion is valid even with strong 
disorder. 

As in the main text, we consider the interference be¬ 
tween the processes in Figs. 2(a) and 2(c). In the semi- 
classical regime of L ^ LT,c/n, counting the winding 
numbers p and q of the center of the spatial distributions 
of the charge and neutral components, we find that this 
interference contributes mainly to {5p,5q) = (1,0), and 
gains the net phase of 9 = tt{Nc — 2$/$o)i5p from those 
windings that braid with N^. charge excitations and N„ 
neutral excitations. At lower temperature of L > TT,c/nj 
the tails (namely the spatial width Lt^cIu) of the spa¬ 
tial distributions of the components are non-negligible, 
and imply that the two processes can also contribute to 
quantum mechanical net windings (i5pqin, i5(?qm) that can 
differ from (Jp, 6q). To see the contribution to different 
windings, we expand the average of {e^^)kBT over the 
thermal fluctuations of and in the harmonics of 

{Spqm, SqqYn), 


{G^)kBT= X! fiSpqm,Sqqm,kBT) 

5Pqm,<59qm6Z 

X exp(27rjdpqni$/$o)exp(27rzi5gqin<p„), (Dl) 

where we introduce a fictitious ’’neutral flux” tpn in the 
mathematical analogy of $/$o in order to have the ex¬ 
pansion; 9 is now generalized to 9 = 7r{Nc — 2$/<i)o)(5p -I- 
Tr{Nn — 2(pn)Sq, and we put —)■ 0 at the end. The 

thermal fluctuations of Nc and Nn are governed by the 
QD-energy H° = E,{N, - 2$/$o + l)Vl2 + E^{N„ - 


2(p„)2/4 (cf. Eq. ([^). Notice H{!,($/4 >o, (p„)|jVq,JV„ = 


i7jl|($/$o -I- l,<Pn + l)|7Vc-|-2,Af„+2 and 0(<i)/$o)|Ar^,Ar„ = 

0($/4>o -I- l)|jVe+ 2 .Ar„-i- 2 , meaning that 9 and are re¬ 
stored by changing W and by 2 , when each flux shifts 
by one as $/$o —>■ $/$o -I- 1 and Pn —> P™ + 1- 
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We decompose the amplitude f{Spq^,SqqrmkBT) = 
fe{Spqn„Sqqni,kBT) + /o(<5pqm, i^gqin, fcs'T) luto the av¬ 
erage /e over (even N^, even iV„) and that /o over 
(odd Nc, odd -/V„); W and Nn should have the 
same parity, according to Eq. (3) in the main text. 
We find a useful relation of /o((5pqm, <^ 9 qm, = 

(-l)^^‘>"+‘^'^’"/e(i^Pqm,^9qm,^B7’), obtained from the 
fact that the thermal average of (e*®)fegT over odd W 
and odd Nn at ($/<i)o, </?n) is identical to that over even 
Nc and even 7V„ at ($/$o + 1/2, + 1/2), according 

to This relation leads to f{6pqm,Sqqni, kBT) = 0 
for odd Spqm + Sqqm, describing the topological dephas¬ 


ing. For the interference between those in Figs. 2(a) 
and 2(c), the contribution from the semiclassical wind¬ 
ing of {Sp,Sq) = (SpqynjSqqm) = (1,0) vanishes (inde¬ 
pendent of temperature T!), while Gsp=i is contributed 
dominantly from the quantum mechanical winding of 
(i^Pqm, Sqqm) = (1, -1) of the tail. 

We confirm the above discussion mathematically. The 
flux dependence of G in Eq. Q comes from the zero¬ 
mode part of the electron field operator 'I'±, hence, from 
the Green’s function in Eq. ( |C8[ ). Using Eq. (C6|, 
G° = {exp[iTTVct{Nc — 2$/$o + 1)/TJ exp(—i7rr;jitiV„/L)) 
is computed as 


OO 

{exp( 


(2nc-I-1 — ^-I-l) -b (2 ?t,„-I- l) \ 


Tie,Tin —— OO 
/ 

exp 


kBT 


)' 




T2n„-|-1) 


( 


12 (^W $0+1) + + 


kBT 


■}] 


OO 

E { ( 


^ (2nc-b 1 - #-b l) -b^(2n„-bl) 


nc,‘nn——oo 


kBT 


) + exp 


^(2nc—^-bl) -b ^(2n„)^ 


kBT 


)} 


(D2) 


The first term of Eq. (D21 comes from odd integers W = 
2nc-bl and Nn = 2n„-bl, and the second from even inte¬ 
gers Nc = 2nc and Nn = 2n„. Utilizing the Poisson sum¬ 
mation formula of exp[—a(n -b i5)^] exp[26i(n -b 


<^)] = Z)^=-oo exp(-27rip'(5) exp[-(7rp' -b &)^/a] with real 
constants, o, b and (5, we obtain 


G°(t) = 


^ (-I)^P'(I + (-l)' 5 p'+V)exp( 27 rzV$/$o)exp - Sp'Y] exp [ - + V)"] 

D 

OO 

X: (-l)'5p"(l -b (-l)'5p"+^9")exp(27ri<5p"d>/$o)exp ( - exp ( - 

5p" ^5q" — — OO 

E (-I)^P' exp(2^*Vd>/$o) exp [ - - 5p'f] exp [ - ^+ 5q'f] 

5p' -\-5q' ^2'L 


Y. (_l)5p" exp(27ri^p"$/$o) exp ( - exp ( - 

5p" 5 q" ^27 j 


(D3) 


Here 2Z is the set of even integers. The denominator is 
approximated as 1 at high temperature fesT ^ hvc/L] 
this condition of kBT ^ Hvc/L is chosen for simplicity, 
and it is not a condition for the topological dephasing. 
Then G°(t) is written by the harmonics of winding num¬ 


bers Sp' —>■ i5pqm and Sq' —>■ Sqqm, 


G°(t)~ ^ (-l)'5P‘>”exp(2^z5pq„,$/$o) 

iSPqm-l-lSqqmeSZ 


X exp [ 
X exp [ 


iir'^kBT ,Vct 


Ec 




(D4) 


Notice that the windings of odd ^Pqm -b ^9qm do not con¬ 
tribute to G^(t), as mentioned in the main text. 
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Appendix E: Semiclassical approximation: 

Derivation of Eqs. Q — Q 

In this Appendix, we compute the analytic expression 
of Gsp for the two cases Vc ^ (Eq. ®» and Vc ^ Vn 
(Eqs. 0 and Q) utilizing a semiclassical approxima¬ 
tion such that the time t in the integrand of Eq. (C7) 
is replaced by 6pL/vc except for the time argument t 
in Gc{t). The approximation is based on the fact that 


the dominant contribution to the integrand of Eq. (C7) 
comes from a peak structure of G'c(t) near t = 6pLjv^; 
the other peaks from G'„(t) near t = 6qL/vn is more 
monotonous and less important because the scaling di¬ 
mension {6n = 1/4) of the neutral component in the elec¬ 
tron tunneling operator is smaller than that (5c = 3/4) 
of the charge component. This approximation is applica¬ 
ble when (i) the spatial distance between two interfering 
neutral components in the QD at t = 6pL/vc is much 
larger than the width T-r.n oc fiVn/ksT of the neutral 
components (then Gn(t) is sufficiently monotonous), and 
(ii) L hvc/ksT (then F{t), coming from the lead edge, 
is sufhcientlly monotonous). We focus on the contribu¬ 
tion from near t = ±L/vc and near ±2Ljvc, since that 
from larger times t = SpLjvc of |5p| > 2 is much more 
smaller due to more dephasing. 

We first compute Gsp=i in the Vc ^ case with 
the semiclassical conditions of ^ hvc/L and 

ksT ^ hvn/{L — AL), where AL = Lvnjvc- In 
Eq. (C7), the main contribution occurs at t = ±L/vc- 
Near t = Ljvc-, we use the following approximations: 
(1) For the portion of {Spqyn^^Qqm) = (1)~1) in the 
zero-mode part, Re[G°] ~ — co s(27r<l>/<ho) exp(—(L — 
ALy/{LLr^n))', cf. Eq. (C8). (2) For the lead 

edge part, F ~ AnkBTLexp[—2TrkBTL/Hvc]/{hvc) = 
(8L/3Lt,c) exp(—L/L t,c) exp(—AL/Lr_„). (3) For the 

QD plasmon part, 


Gc{t)Gn{t) exp exp 


Binh(^) 


ITTVnt 

2L 


sinh 


hvc 

(-nkBT{L—Vct-\-ia )' 
hVc > 


3/2 / X 1/2 


Ln 


, L-AL. AL-ALf, 
X exp (- - -) exp f 


Lta 


LLt,, 


(El) 


We have used 0 i(m, exp(— 7 )) ~ 2(—l)"-\/ 7 r/ 7 exp[—(u — 
n7r)^/7] exp(— 71 ^/ 47 ) sinh(7r(u — mT)/j) for 7 <C 1. 

We compute Eq. ( |C7| ), merging together (l)-(3), to get 
Eq. § in the main text, 

Gsp=i ^ -gojL{kBT)^ 


Lt,c 


Lt,i 


xexp(-^y^) 


=- 9 olL{kBTf exp>{-- —)exp(---). (E2) 


^T,c 


-'T,n 


Hereto = 16e^-\/^7r(a//i7;c)^^/‘*(a/Iiu„)^'^'^(r(3/4))^/(a/i) 
is a constant, T is the Gamma function, and we have 


used the integral formula of 


r< 


sinh(^^) 


Vsinb(^(7a-uct)) 


2 a f2akBT 


Vc I hv, ' ^ ■ 




3^2 
F 
(E3) 

Notice that the factor exp(—(L — AL)^/(LLT,n)) of 
Re[G°] (zero-mode part) exactly cancels out exp[(L — 
ALY/{LLt^ n)] from G„(t) (the plasmonic part). This 
fact was found in a Luttinger liquid with finite siz^^. 

We next move to Gsp=i in the Vc case. 

The main contribution to Gsp=i also occurs near 
t = ±L/vc- We observe the followings. (1) Because 
the portion of (5pqm, 5gqm) = (1,0) in Re[G°] fully 
vanishes, the dominant contribution comes from the 
portion of (5pqni,5gqm) = ( 1 ,~ 1 ), which leads to 

Re[G°] ~ — cos(27r<i)/$o) exp(—(L — AL)^/(LLT,n))- 
(2) F ~ ATTkBTLex-p{—27rkBTL/hvc)/{fiVc) = 
{8L/3LT,c)exp{-L/LT,c)exp{-AL/LT,n)- (3) For 
the QD plasmon part, the same expression is obtained 
as Eq. ( |E1[ ), except that L — AL is replaced by AL. 
Merging (1) —(3) and using Eq. (E3|, we obtain Eq. 0 
in the main text, 

Gsp=i ^ -go^L{kBTf exp{--^) exp{- ' 


xexp(-^)exp[- 

^T,n 


Lt,c Lt^u 

{L-ALf-{ALf 
LLt,u ^ 


= -go^L{kBTf exp(--^) exp(--^). (E4) 


-'T.n 


^T,c 


In the same way, we obtain Eq. 


2L 


2 AL, 


2AL. 


Gsp =2 ^ 2go^L{kBTy exp{-- —)exp(---)exp(-- ) 


Lt,< 

= 2go^L{kBTf exp {-——). 


Lt.i 


Lt,i 

(E5) 


Appendix F: The quasiparticle fluctuation in the 
bulk 

We consider quasiparticle fluctuations in the bulk, dif¬ 
ferentiating the QD bulk from the edge. In the limit of 
bulk charging energy smaller than temperature, we show 
that the zero-mode part G° has the same expression as 
Eq. (D3) in the presence of quasiparticle fluctuations in 


the bulk, hence, that the period halving {h/2e oscillation) 
takes place. 

We argue that the zero-mode part of the QD states 
is characterized by four numbers (W, A^„, Nqp^ Nqp^n), 
when we additionally consider the bulk degrees of free¬ 
dom. Nc and iV„ are necessary to describe excess elec¬ 
trons in the QD. For an additional excess electron, the 
number W of excess electrons increases by 1. This elec¬ 
tron is decomposed into 3 additional charge components 
[Nc —>■ Nc + 3-, the charge of the charge component is e/3) 
and ±1 additional neutral component (AX —>■ AX ± 1 ), as 
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discussed in the main text. counts the number of the 
neutral components by excess electrons in the QD, as in 
the main text. On the other hand, Nqp and are in¬ 

troduced to describe quasiparticle excitations in the QD 
bulk. When an additional quasiparticle excites in the 
bulk, the number Nqp of quasiparticles increases by 1. 
This quasiparticle is decomposed into 1 charge compo¬ 
nent and ±1 neutral component {Nqp^n Nqp^n i 1). 
Nqp^n counts the number of the neutral components by 
bulk quasiparticle excitations. 

Taking into account quasiparticle fluctuations in the 
bulk and electron fluctuations inside the QD, the zero¬ 
mode part of the QD Hamiltonian is expressed as 

h9s(N N N N ) 

= ^3iVe -I- 1 - — - + ^{Nn - Nqp^n)"^ 

/ 2 $ 

+ -£'bc(^-^ +-/VgpJ , (FI) 

where E^c is the bulk charging energy. The first (sec¬ 
ond) term describes the interaction between the charge 
(neutral) components on the edge while the third term 
describes the interaction between the charge components 
in the bulk. The flux dependence in the bulk-charging 


energy term describes charge accumulation in the bulk 
as the magnetic flux increases. We ignore the interac¬ 
tions between the neutral components in the bulk be¬ 
cause they are of dipole type hence weaker than the in¬ 
teraction terms of the total charge. We also assume that 
it is in the Aharonov-Bohm regime neglecting electro¬ 
static coupling between quasiparticles in the bulk and on 
the edge. 

We consider the case that the relaxation time from the 
QD edge to the bulk is much longer than the QD dwell 
time of an electron injected from a lead edge, hence, that 
the electron enters only into the QD edge. Then, the 
zero-mode part of the electron 

operators d>±(x) is evolved by Eq. (|F1[) as 





(F2) 


And, the zero-mode part G°(t) of the Green’s function 
(4'^(a;£,t)4'±(x£,0)) is written as 


G° (X exp (^Ne - + 1 - ^qp) - Nqp^n))'^ 

^ OO 

= I + (-l)'5pc,„-b59,„)(i + (-1 )^p'+‘59<j») exp(27ri(5pq„,$/$o) 

/^n_ Art_= — f-v~i 


<5Pqm .l5p', 59qm = -OO 
^2 


X exp 


,Vct 5p'\2 


ir^ksT 


Er 


Uct- up r 

X + X> 1 “P[- g 


Vnts 2 -, 


TT^ksT 


]exp[- 


(<5pqm- ^)"]| 


/| e-*’^^p'/3(l -p (_i)-5pq»+<59,„)(i (_i)V-b59q») exp(27ri(5pq^$/$o) 

' Ati An^ Art —_ r>^ 


■ < 5 pqm,< 5 p', 5 q'qni = —OO 

Zir'^ksT ^Sp\2-i 

T 


r u/t (up \ 2-i r ^yqm 1 r /f dp'.2ij 


(F3) 


We applied the Poisson summation formula as in 
Eq. (D3). At temperature much higher than the bulk¬ 
charging energy, the portion of Sp' = 3dp qm survives, 
resulting in the same expression as Eq. (D3). 


Appendix G: Confining potential and Coulomb 
interaction 

When the edge potential is smooth enougtf^^, we 
below show that Vc is much larger than and u; see 
Eq. (U) in the main text. In the absense of Coulomb 


interaction, the edge Hamiltonian at lu = 2/3 has the 
form of Hcon = ^ f dx[vi^con(dx</>l)^ + 3u2,con(9a;(()2)^] 
in terms of the velocities of the original edge modes, 
■yi.con and U 2 ,con, which are solely determined by the 
edge confining potential. When the Coulomb interac¬ 
tion is tuned on, it leads to an interaction Hamiltonian 
ffint = ^ / dx{dx{4>i + </> 2 ))^, which counts the interac¬ 
tion by the total charge density dx{(j)i + (/)2)/(27r); here, 
we assume that Ujnt is indepedent of momentum, (which 
is valid when the Coulomb interaction is short ranged due 
to the screening by gates). Then, the total Hamiltonian 
is FId = F^con + Flint = ^ / dx[Vc{dx(j)cY + Vn{dx(t>ny + 
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’^^x^c^x^n]: where Vc — 3^1^0011/2 ~\~ ^^2,con /2 + 2111^1/3, 
'^n — con /2 + 3 v 2 ^con/ 2 , cind V = '\/ 3 (r^l,con “t” ^ 2 ,con)- 

This shows that v and are much smaller than Vc^ if the 


edge potential is smooth enough such that Uint ^ I'l.con, 

'^^2,con- 
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